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Low-energy CAD product-ion spectra of various molecular species of phosphatidylserine (PS)
in the forms of [M  H] and [M  2H  Alk] in the negative-ion mode, as well as in the
forms of [M  H], [M  Alk], [M  H  2Alk], and [M  2H  3Alk] (where Alk  Li,
Na) in the positive-ion mode contain rich fragment ions that are applicable for structural
determination. Following CAD, the [MH] ion of PS undergoes dissociation to eliminate the
serine moiety (loss of C3H5NO2) to give a [M  H  87]
 ion, which equals to the [M  H]
ion of a phoshatidic acid (PA) and give rise to a MS3-spectrum that is identical to the
MS2-spectrum of PA. The major fragmentation process for the [M  2H  Alk] ion of PS
arises from primary loss of 87 to give rise to a [M  2H  Alk  87] ion, followed by loss of
fatty acid substituents as acids (RxCO2H, x  1,2) or as alkali salts (e.g., RxCO2Li, x  1,2).
These fragmentations result in a greater abundance of [M  2H  Alk  87  R2CO2H]
 than
[M  2H  Alk  87  R1CO2H]
 and a greater abundance of [M  2H  Alk  87 
R2CO2Li]
 than [M  2H  Alk  87  R1CO2Li]
; while further dissociation of the [M  2H
 Alk  87  R2(or 1)CO2Li]
 ions gives a preferential formation of the carboxylate anion at
sn-1 (R1CO2
) over that at sn-2 (R2CO2
). Other major fragmentation process arises from
differential loss of the fatty acid substituents as ketenes (loss of Rx=CHCO, x  1,2). This
results in a more prominent [M  2H  Alk  R2=CHCO] ion than [M  2H  Alk 
R1=CHCO] ion. Ions informative for structural characterization of PS are of low abundance
in the MS2-spectra of both the [M  H] and the [M  Alk] ions, but are abundant in the
MS3-spectra. The MS2-spectrum of the [M  Alk] ion contains a unique ion corresponding to
internal loss of a phosphate group probably via the fragmentation processes involving
rearrangement steps. The [M  H  2Alk] ion of PS yields a major [M  H  2Alk  87]
ion, which is equivalent to an alkali adduct ion of a monoalkali salt of PA and gives rise to a
greater abundance of [M  H  2Alk  87  R1CO2H]
 than [M  H  2Alk  87 
R2CO2H]
. Similarly, the [M 2H 3Alk] ion of PS also yields a prominent [M 2H 3Alk
 87] ion, which undergoes consecutive dissociation processes that involve differential losses
of the two fatty acyl substituents. Because all of the above tandemmass spectra contain several
sets of ion pairs involving differential losses of the fatty acid substituents as ketenes or as free
fatty acids, the identities of the fatty acyl substituents and their positions on the glycerol
backbone can be easily assigned by the drastic differences in the abundances of the ions in each
pair. (J Am Soc Mass Spectrom 2005, 16, 1510–1522) © 2005 American Society for Mass
SpectrometryPhosphatidylserine (PS, 1,2-diacyl-sn-glycero-3-phosphorylserine) occurs quite widely in naturebut usually in low concentrations (3–10%) of the
total phospholipids. The compound was first isolated
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established by Baer and Maurukas [2, 3].
In yeast and prokaryotes, PS is made by a PS synthase
that uses CDP-diacylglycerol and serine [4]. However, in
mammals, PS is generated by a base-exchange reaction in
which L-serine substitutes the choline and ethanolamine
moieties of phosphatidylcholine and phosphatidylethano-
lamine, respectively, with the participation of PS synthase
1 and PS synthase 2, respectively, to yield PS and choline
or ethanolamine [5]. The major route for PE synthesis in
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using decarboxylase [6].
In addition to its presumed contribution to mem-
brane structure, PS has been evidenced to engage in a
number of key cellular processes. For example, PS is an
activator of several enzymes such as protein kinase C
[7], Na/K ATPase [8], and neutral sphingomyelinase
[9, 10]. The externalization of PS on the cell surface is
thought to be a critical signal for platelet activation
during the blood clotting cascade [11], for skeletal
muscle development [12], and for macrophage recogni-
tion of cells undergoing apoptosis [13–18]. Phosphati-
dylserine receptor is recognized to be essential for
removing apoptotic cells during mammalian develop-
ment of lung and brain [19].
Mass spectrometric methods with FAB ionization
toward to the structural characterization of PS in the [M
 H] form have been previously performed by tan-
dem sector [20] and tandem quadrupole mass spec-
trometers [21] following collisionally activated dissoci-
ation (CAD). More structural information can be
obtained from low-energy CAD of the [MH] species
in the negative-ion mode [21]. Although brief studies on
the adduct ions in the fashions of [M  H  Co] and
of [M  H  Ni] using ion-trap mass spectrometers
have been reported [22], there have been very few
detailed studies of the molecular ion species generated
by electrospray ionization (ESI) [23]. Herein, we de-
scribe ESI with tandem quadrupole and with quadru-
pole ion-trap mass spectrometric methods to character-
ize PS in the forms of [M  H] and [M  2H  Alk]
in the negative-ion mode, as well as in the forms of [M
 Alk], [MH 2Alk] and [M 2H 3Alk] (Alk
 Li, Na) in the positive-ion mode. The fragmentation
processes under low-energy CAD are also proposed.
Materials and Methods
Phosphatidylserine and phosphatidic acid standards
(sodium salt) were purchased from Avanti Polar lipid
(Alabaster, AL). All solvents are of research grade and
were purchased from Fisher Scientific (Pittsburgh, PA).
To convert sodium into lithium salt form, PS (in Na
form) in chloroform was added to distilled water,
sonicated for 2 min. The mixture was centrifuged for 5
min at 3000 rpm. Lower phase containing PS was
collected, diluted with methanol, and LiOH (0.1
umol/uL in methanol) was added. The final solution
contains 1 nmol/uL LiOH and 10–100 pmol/uL PS in
methanol/chloroform (vol/vol, 2/1). Deuterium la-
beled 16:0/18:1-PS were prepared by dissolving d0-16:
0/18:1-PS standard in 95/5 (vol/vol) CH3OD/CH3OH.
When being subjected to ESI, the solution gives the [M
 H] ions at m/z 760 (d0-16:0/18:1-PS), 761 (d1-16:0/
18:1-PS), 762 (d2-16:0/18:1-PS), and 763 (d3-16:0/18:1-
PS) ions in a ratio of 0.25/0.8/1/0.35.Mass Spectrometry
Low-energy CAD tandem mass spectrometry experi-
ments were conducted on a Finnigan (San Jose, CA)
TSQ 7000 mass spectrometer equipped with ICIS data
system or on a LCQ DECA ion-trap mass spectrometer
with X-calibur operation system. Solutions containing
PS were continuously infused into the ESI source with a
syringe pump at a flow rate of 1 uL/min. The skimmer
was at ground potential and the electrospray needle
was set at 4.5 kV. The temperature of the heated
capillary was 260 °C. For product-ion spectra obtained
with a triple stage quadrupole (TSQ) instrument, the
precursor ions were selected in the first quadrupole
(Q1), collided with Ar (2.3 mTorr) in the rf-only second
quadrupole (Q2) using a collision energy of 30–35 eV,
and analyzed in the third quadrupole (Q3). Both Q1 and
Q3 were tuned to unit mass resolution and scanned at a
rate of 3 s/scan. The mass spectra were accumulated in
the profile mode, typically for 5 min for a tandem mass
spectrum. For CAD tandem mass spectra obtained with
a quadrupole ion-trap mass spectrometer (ITMS), the
automatic gain control of the ion trap was set to 5 107,
with a maximum injection time of 400 ms. Helium was
used as the buffer and collision gas at a pressure of 1 
103 mbar. The mass resolution was 0.6 Da at half peak
height. To maximize the sensitivity and to obtain a
more even distribution of the fragment ions for the MSn
spectra (n  2), a relative collision energy varied from
30 to 38% was used with an activation time at 100 ms,
and the activation q value at 0.25.
Results and Discussion
When being subjected to ESI in the negative-ion mode,
phosphatidylserine yields a prominent [MH] ion. In
the presence of alkali ion, however, molecular species in
the form of [M 2H Alk] (Alk Li, Na) can also be
observed, attributable to the fact that PS possesses two
anionic charge sites of which one can attach to an Alk.
In the positive-ion mode, PS yields [M  H] ion, and
adduct ions in the fashions of [M  Alk], [M  H 
2Alk], and [M  2H  3Alk] (Alk  Li, Na) can also
be formed, when being ionized in the presence of alkali
metal ion. However, the sensitivity in the positive-ion
mode is about one order of magnitude less than that
observed as the [MH] ion in the negative-ion mode.
Structural characterization of the various molecular
species of PS by tandem quadrupole and ion-trap mass
spectrometry and the fragmentation pathways leading
to ion formations are described below.
The [M  H] Ions
PS produces a prominent [M  H] ion by ESI along
with [M  H  87] ion, indicating that PS is labile and
readily undergoes in-source fragmentation to expel the
serine head group (loss of C3H5NO2, 87 Da). This is
consistent with the notion that the IT MS2-spectrum of
) its I
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phosphoserine (16:0/18:1-PS) at m/z 760 is dominated
by the m/z 673 ion ([M  H  87]) (Figure 1a), which
is equivalent to the [M  H] ion of 1-palmitoyl-2-
oleoyl-3-sn-glycero-phosphatidic acid (16:0/18:1-PA)
and gives rise to a MS3-spectrum (760 ¡ 673) (Figure
1b) identical to that arising from an authentic 16:0/18:
1-PA standard (Figure 1c). The fragmentation process is
also consistent with the findings that the tandem quad-
rupole product-ion spectrum of the [MH] ion at m/z
760 (Figure 1d) is nearly identical to that from the [M 
H] ion of standard 16:0/18:1-PA and that of the m/z
673 ion (760 ¡ 673) (Figure 1e), generated by in-source
CAD of 16:0/18:1-PS. The ions at m/z 391 ([M  H] 
87  R2CO2H) and m/z 417 ([M  H]
  87  R1CO2H)
arising from the respective loss of the fatty acids at sn-1
Figure 1. (a) The IT MS2-spectrum of the [M
MS3-spectrum of the m/z 673 ion ([M  H  87]
H] ion of 16:0/18:1-PA at m/z 673, (d) the tande
ion of 16:0/18:1-PS atm/z 760, (e) the source CAD
(f) the IT MS2-spectrum of the [M  H] ion of d
product-ion spectrum of the [M  H] ion of 18
[M  H] ion of 18:0/22:6-PS at m/z 834, and (iand at sn-2 are, respectively, more abundant than theions at m/z 409 ([M  H]  87  R=2CHCO) and
m/z 435 ([M  H]  87  R=1CHCO), arising from
their corresponding ketene losses (Figure 1a– e). These
spectrum features are characteristic of PA [24] and
further support the idea that the major ions observed in
the tandem quadrupole product-ion spectra mainly
arise from the consecutive dissociation of the [M H 
87] ion, rather than from direct dissociation of the [M
 H] ions via a concerted pathway [23].
The loss of the C3H5NO2 moiety to yield the [M  H
 87] ion may involve the participation of an ex-
changeable hydrogen that is attached to the amino
group (Scheme 1, route a). This assumption is based on
observation of both the m/z 673 and 674 ions in the IT
MS2-spectrum of d2-16:0/18:1-PS at m/z 762 (Figure 1f)
obtained by HOD exchange, which occurred probably
] ion of 16:0/18:1-PS at m/z 760, (b) its IT
60 ¡ 673), (c) the IT MS2-spectrum of the [M 
adrupole product-ion spectrum of the [MH]
uct-ion-spectrum of them/z 673 ion (760¡ 673),
0/18:1-PS at m/z 762, (g) the tandem quadrupole
:1-PS at m/z 788, (h) the IT MS2-spectrum of the
T MS3-spectrum of m/z 747 (834 ¡ 747). H
) (7
m qu
prod
2-16:
:0/18at one of the two exchangeable hydrogens of the amino
ses p
1513J Am Soc Mass Spectrom 2005, 16, 1510–1522 TANDEM MASS SPECTROMETRY OF PHOSPHATIDYLSERINEgroup and at the acidic hydrogen attached to carboxy-
late group. The loss of the C3H5NO2 moiety can also
arise from the nucleophilic attack of the phosphate
anionic site on the acidic hydrogen (Scheme 1, route b)
[22, 23]. This fragmentation process is supported by
observation of both m/z 673 and 674 ions (the abun-
dance ratio is 5 to 4) in the IT MS2-spectrum of d1-16:
0/18:1-PS at m/z 761 (data not shown), of which prob-
ably only the acidic hydrogen attached to the
carboxylate group was replaced by a deuterium.
The m/z 391 ion ([M  H  87  R2CO2H]
) is more
abundant than the m/z 417 ([M  H  87  R1CO2H]
)
ion, and them/z 409 ion ([MH 87 R=2CHCO])
is also more abundant than the m/z 435 ion ([MH 87
 R=1CHCO]), consistent with the notion that the ion
reflecting loss of the fatty acyl substituent as an acid or as
a ketene at sn-2 is more abundant than that arising from
the analogous loss at sn-1 [24, 25]. The R1CO2
 ion at m/z
255 is also more abundant than the R2CO2
 ion atm/z 281,
a characteristic feature observed for PA [24]. The above
results provide information to identify the fatty acyl
substituents and their position in the glycerol backbone.
The product-ion spectrum of the [M  H] ion of 18:0/
18:1-PS at m/z 788 (Figure 1g) is also similar to the
product-ion spectrum ofm/z 701 (788¡ 701) generated by
source CAD of m/z 788 (not shown). The primary loss of
the C3H5NO2 moiety to a PA-like precursor ion pathway
for the [M  H] ion of PS is also supported by the IT
MS2-spectrum of the [M  H] ion of 18:0/22:6-PS at m/z
834 (Figure 1h), which contains a prominent ion at m/z 747,
and by the IT MS3-spectrum of m/z 747 (834 ¡ 747) (Figure
1i), which is a typical IT MS 2-spectrum of 18:0/22:6-PA.
The [M  2H  Alk] Ions
In contrast, the product-ion spectra of the [M 2H Li]
ion of 16:0/18:1-PS at m/z 766 obtained with a TSQ (Figure
2a) and with an ITMS (Figure 2b) instruments contain
Scheme 1. The fragmentation procesmajor ions atm/z 528 and 502 arising from loss of the 16:0-and of the 18:1-fatty acyl substituents as ketenes, respec-
tively, (Scheme 2, route a), and the ions atm/z 484 and 510
arising from the corresponding losses of the fatty acyl
substituents as acids are of low abundance. The m/z 502
ion ([M  2H  Li  R=2CHCO]) that reflects loss of
the 18:1-fatty acyl ketene at sn-2 is more abundant than the
m/z 528 ([M  2H  Li  R=1CHCO]) ion, reflecting
loss of the 16:0-fatty acyl ketene at sn-1. This feature is
similar to that observed for the [M  H] ion of phos-
phatidylethanolamines (PE), consistent with the sugges-
tion that the gaseous [M  H] ion of PE is basic and
undergoesmore favorable loss of the fatty acid substituent
as a ketene than as an acid [25]. After the remaining
proton on the [MH] ion of PS is replaced by an Li, the
gaseous [M2H Li] ion may become more basic than
the [M  H] ion, and the gas-phase basicity is probably
similar to that of the [M  H] ion of PE. The ions at m/z
528 ([M  2H  Li  R=1CHCO]) and 502 ([M  2H 
Li  R=2CHCO]) are equivalent to the [M  2H  Li]
ions of 1- and 2-lysophosphatidylserine, respectively, and
undergo further loss of the C3H5NO2 moiety to yield ions
atm/z 441 and 415, respectively, (Scheme 2, route a=1). The
ions atm/z 528 and 502 also give rise tom/z 417 and 391 by
elimination of serine as a lithium salt (route a=2).
The primary loss of the C3H5NO2 moiety to a m/z 679
ion (766  87) (Scheme 2, route b), followed by loss of the
18:1-fatty acyl chain at sn-2 and loss of the 16:0-fatty acyl
chain at sn-1 as lithium salts, respectively, gives rise to ions
at m/z 391 (679  C17H33CO2Li) and 417 (679 
C15H31CO2Li) (Scheme 2, route b=1). Again, them/z 391 ion
is more abundant than the m/z 417 ion. The above results
are consistent with the notion that ions reflecting the
losses at sn-2 are more abundant than those reflecting the
analogous losses at sn-1. The fragmentation processes are
supported by the MS3-spectra of m/z 679 (Figure 3c), m/z
528 (Figure 3d) and m/z 502 (not shown).
The R1CO2
 ion atm/z 255 is more abundant than the
R2CO2
 ion at m/z 281, similar to that observed for PA
roposed for the [M  H] ion of PS.but reversed to that observed for PE. This is attributable
1514 HSU AND TURK J Am Soc Mass Spectrom 2005, 16, 1510–1522to the fact that the carboxylate anions at m/z 255 and 281
mainly arise from m/z 391 and 417, respectively, by loss
of a stable dicylic glycerophosphate ester moiety of 136
(Scheme 2, route b1), as previously described for PA
[24].
The combined losses of the fatty acyl substituent at
sn-2 and at sn-1 as ketenes from m/z 766 yield the m/z
264 ion ([MH R=1CHCO R=2CHCO]), which
further dissociates to m/z 177 (264  87) by elimination
of the C3H5NO2 moiety, while the m/z 246 ion ([M  H
 R=1CHCO  R=2CO2H]  [M  H  R=2CHCO
 R=1CO2H]) arises from primary loss of a fatty acyl
substituent as a ketene followed by loss of the remain-
ing fatty acyl substituent as an acid. These fragmenta-
tion pathways are supported by observation of the ions
at m/z 264 and 246 in the MS3-spectrum of m/z 528
(Figure 2d). Ions characteristic to serine head group are
observed at m/z 190, arising from cleavage of the C3OO
bond (Scheme 2, route c), via the fragmentation process
similar to that previously observed for PE [25]. The
analogous ions from the fragmentation processes are
also observed in the product-ion spectra of the [M 2H
Figure 2. The product-ion spectra of the [M 2
(a) a TSQ, and (b) an ITMS instruments. (c), (d) T
(d) the m/z 528 (766¡ 528) ions arising from m/
2H  Li] ion of 18:0/18:1-PS at m/z 794, and o
782. Li] ions of 18:0/18:1-PS at m/z 784 (Figure 2e) andthe [M  2H  Na] ion of the 16:0/18:1-PS at m/z 782
(Figure 2f).
The [M  H] ions
Both the MS2-spectra of the [M  H] ion of 16:0/18:
1-PS at m/z 762 obtained with a TSQ (Figure 3a) and
with an ITMS (not shown) instruments are dominated
by a [M  H  185] ion at m/z 577 (762  185) arising
from loss of the phosphoserine moiety (Scheme 3),
similar to that previously observed by FAB tandem
mass spectrometry, and provides limited information
for structural characterization [21]. Although the iden-
tities of the fatty acyl substituents can be recognized by
the 16:0- and 18:1-acylium ions at m/z 239 and 265,
respectively, as well as by the ions at m/z 339 and 313
arising from losses of the 16:0- and the 18:1-fatty acyl
substituents as ketenes from m/z 577, respectively, these
ions are of low abundance and lack the specificity for
assignment of the position of the fatty acyl substituents
on the glycerol backbone.
In contrast, the IT MS3-spectrum of the m/z 577
Li] ion of 16:0/18:1-PS atm/z 766 obtained with
MS3-spectra of (c) the m/z 679 (766¡ 679), and
. (e), (f) The product-ion spectra of (e) the [M 
he [M  2H  Na] ion of 16:0/18:1-PS at m/zH
he IT
z 766
f (f) t(762 ¡ 577) ion (Figure 3b) contains a prominent
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than the 16:0-acylium at m/z 239, along with ion at m/z
247 (265  H2O), which is also more abundant than the
m/z 221 (239H2O) ion. The spectrum also contains the
m/z 321 ion (577  R1CO2H) arising from further loss of
the 16:1-fatty acid substituent at sn-1, whereas the
analogous ion expected at m/z 295 arising from loss of
the 18:1-fatty acid at sn-2 is not present. The drastic
differences in the abundances of the above ion pairs
resulting from differential losses of the fatty acyl sub-
stituents provide information for assignment of the
positions of the fatty acyl moieties on the glycerol
backbone. Similar results were also observed for the
MS3-spectrum of m/z 605 (790 ¡ 605) (Figure 3c),
arising from 18:0/18:1-PS at m/z 790. However, the IT
MS3-spectrum of the m/z 651 ion (836 ¡ 651) (Figure 3d)
arising from 18:0/22:6-PS at m/z 836 is dominated by
ions at m/z 367 attributable to the loss of the 18:0-fatty
acyl moiety at sn-1, and at m/z 341 due to loss of the
22:6-fatty acyl substituent as a ketene. The preferential
loss of polyunsaturated fatty acid moiety as a ketene
has been previously observed for PE and PC [26, 27].
The [M  Alk] Ions
The use of alkali metal adduct ions, in particular the [M
 Li] ions, for structural characterization of various
lipids by ESI coupled with tandem mass spectrometry
has been very successful [26 –29]. The MS2-spectrum of
the [M  Li] ion of 16:0/18:1-PS at m/z 768 obtained
with a TSQ instrument (Figure 4a) contains prominent
ions at m/z 577, arising from loss of phosphoserine as a
O
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preferential pathways involving the participatio
m/z values are those observed for 16:0/18:1-PS.lithium salt and at m/z 192, corresponding to a lithiatedphosphoserine ion, via cleavage of the C3OOP bond
similar to that observed for the [M  H] ion (Scheme
3). The ion at m/z 681 (768  C3H5NO2) is of low-
abundance and gives rise to ions at m/z 425 (681 
R1CO2H) and 399 (681  R2CO2H) by loss of the 16:0-
and 18:1-fatty acid, respectively. Them/z 425 ion is more
abundant than the m/z 399 ion, similar to that observed
for the [M  Li] ion of phosphatidylethanolamine [26],
and provides information for assignment of the position
of the fatty acyl substituents on the glycerol backbone.
Similar results were also observed for the [M Li] ion
of 18:0/18:1-PS at m/z 796 (Figure 4b).
The IT MS2-spectrum of the [M  Li] of 16:0/18:
1-PS at m/z 768 (Figure 4c) contains ions similar to those
observed in Figure 4a, but the ions at m/z 681 and 670
are among the most prominent. As shown in Figure 4d,
the MS3-spectrum of the m/z 681 ion (768¡ 681) yields
ions at m/z 583 and 577 arising from loss of the phos-
phoric acid group as an acid and as a lithium salt,
respectively. The spectrum also contains ions at m/z 425
(681  R1CO2H) and 399 (681  R2CO2H) resulting
from loss of the 16:0- and 18:1-fatty acid moiety, respec-
tively, along with ions at m/z 443 (681  R=1CHCO)
and 417 (681  R=2CHCO), arising from the corre-
sponding losses as fatty acyl ketenes.
The prominence of the ion at m/z 670 in Figure 4c is
of interest. The ion corresponds to loss of the phospho-
ric acid and its formation may involve a rearrangement
process in which the anionic site of the serine head
group renders nucleophilic attack on C-3 of the glycerol
backbone, followed by expulsion of the phosphoric acid
moiety to yield a lithiated triacyl glycerol-like ion at m/z
-
HO
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-
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768, and of (b) 18:0/18:1-PS at m/z 796. (c)–(e) The IT MS2-spectra of the [M  Li] ions of (c)
16:0/18:1-PS at m/z 768, and its IT MS3-spectra of (d) m/z 681 ion (768¡ 681), and (e) m/z 670 ion (768
¡ 670). (f) The IT MS2-spectrum of the [M  Li] ion of 18:0/18:1-PS at m/z 796. (g)–(i) The
product-ion spectra of the [M  Na] ions of 16:0/18:1-PS at m/z 784 obtained with (g) a TSQ
instrument, (h) an ITMS instrument, and (i) of 18:0/18:1-PS at m/z 812 obtained with a TSQ
instrument.
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observable for TSQ because of its multiple collision
nature that leads to further fragmentation.
In Figure 4c, the spectrum also contains ions at m/z
512 and 486, reflecting losses of the 16:0- and 18:1-acid
substituents, respectively, and ions at m/z 438 and 412,
corresponding to loss of a 1-palmitorylglycerol and of a
2-oleorylglycerol moieties, respectively. These latter
two ions are not present in the TSQ product-ion spec-
trum (Figure 4a), and the origin of these two ions may
also involve a rearrangement process followed by loss
of an acylglycerol. Again, the features that the m/z 512
(768  R1CO2H) ion is more abundant than the m/z 486
(768  R2CO2H) ion, and that the m/z 438 (768 
R1CO2CH2CH(OH)CH2OH) ion is more abundant than
the m/z 412 (768  HOCH2CH(OCOR2)CH2OH) ion
provide information for assignment of the position of
the fatty acyl substituents on the glycerol backbone.
Similar results were also observed for the [M Li] ion
of 18:0/18:1-PS at m/z 796 (Figure 4f).
The product-ion spectrum of the [M  Na] ion of
16:0/18:1-PS at m/z 784 (Figure 4g) contains ions
analogous to those observed in Figure 4a, however,
the spectrum is dominated by m/z 208, corresponding
to a sodiated phosphoserine, and the ion at m/z 577 is
of low abundance. The results may indicate that
cleavage of the C3OOP bond to form the sodiated
phosphoserine ion at m/z 208 ([phosphoserine 
Na]) becomes more competitive than formation of a
protonated [M  Na  207] ion at m/z 577, as the Li
was replaced by Na (Scheme 4b). This is consistent
with the earlier findings that the product-ion spec-
trum of the [M  H] ion of 16:0/18:1-PS is domi-
nated by m/z 577 (Scheme 3) and a protonated phos-
phoserine ion expected at m/z 186 is absent (Figure
3a). The IT MS2 -spectrum of the [M  Na] ion of
16:0/18:1-PS at m/z 784 (Figure 4g) contains ions
analogous to those observed in Figure 4c, but the ion
at m/z 686 from loss of the phosphoric acid moiety
declines and the ion at m/z 697 reflecting loss of the
C3H5NO2 moiety becomes the most prominent. Sim-
ilar results were also observed for the [M  Na] ion
of 18:0/18:1-PS at m/z 812 obtained with a TSQ
(Figure 4h) and an IT (Figure 4i) instruments, in
which the [M  Na  87] ion at m/z 725 is more
abundant than m/z 714 ([M  Na  H3PO4]
). These
results also demonstrate that the phosphoric acid
moiety is more competitive than its complementary
[M  H3PO4] moiety for Na
 to form a sodiated ion,
following cleavage of the phosphoric acid moiety.
The results are also consistent with the notion that the
m/z 121 ion ([H3PO4  Na]
) is more abundant than
the [M  Na  H3PO4]
 ion at m/z 686 or at m/z 714
in the product-ion spectrum of m/z 784 (Figure 4f) or
of m/z 812 (Figure 4i). In contrast, the analogous ion
expected at m/z 105 ([H3PO4  Li]
) is nearly absent
in the product-ion spectra arising from the [M  Li]ion (Figure 4a and b).The [M  H  2Alk] Ions
The CAD product-ion spectrum of the [M  H  2Li]
ion of 16:0/18:1-PS at m/z 774 (Figure 5a) is dominated
by the m/z 687 ion, arising from loss of 87 as described
earlier. The cleavage of the C3OOP bond similar to that
observed for the [M  H] ion (Scheme 3) results in
ions at m/z 577, reflecting loss of the phosphoserine
moiety as a dilithium salt, and at m/z 198, correspond-
ing to a dilithiated phosphoserine ion. The ions at m/z
431 (687  256) and 405 (687  282), arise from further
losses of the 16:0- and the 18:1-fatty acids from m/z 687,
respectively. The fact that the m/z 431 ion reflecting loss
of the fatty acid moiety at sn-1 is more abundant than
the m/z 405 ion reflecting the analogous loss at sn-2
provides information for assignment of the position of
the fatty acyl substituents. The IT MS2-spectrum of the
[M  H  2Li] ion of 16:0/18:1-PS at m/z 774 (Figure
5b) is also dominated by the ion at m/z 687 (774  87).
The consecutive fragmentation process to yield ions at
m/z 431 and 405 is supported by the IT MS3-spectrum of
the m/z 687 ion (774 ¡ 687) (Figure 5c). The [M  H 
2Li] ion of 18:0/22:6-PS at m/z 848 (Figure 5d) is also
dominated by m/z 761 and contains major ions at m/z
477 (761  284) and 433 (61  328) from further losses
of the 18:0-fatty acyl moiety at sn-1 and the 22:6-fatty
acyl substituent at sn-2, respectively.
The product-ion spectrum of the [M  H  2Na]
ion of 16:0/18:1-PS at m/z 806 (Figure 5e) obtained with
a TSQ instrument contains ions analogous to those
observed in Figure 5a, and the spectrum is dominated
by the m/z 719 (806  87) ion. However, the m/z 577 ion
is less abundant than that observed in Figure 5a, and
the ion at m/z 230 ([NaHPO3OCH2CH(CO2)NH2 
Na]), a sodiated ion of a sodium phosphoserine be-
comes more abundant than the analogous ion at m/z 198
([LiHPO3OCH2CH(CO2)NH2  Li]
) (Figure 5a), which
is a lithiated ion of a lithium phosphoserine. Similar
results were also observed in the product-ion spectrum
of the [M  H  2Na] ion of 18:0/18:1-PS at m/z 834
(Figure 5f). The above results are consistent with the
notion that cleavage of the C3OOP bond to form the
alkali adduct ion of the alkali phosphoserine becomes
more competitive than formation of the protonated ion
of [M  alkali phosphoserine] moiety as Li was
replaced by Na, similar to that observed for the [M 
Alk] ion. The competition between formation of the
alkali adduct ion with polar head group and formation
of the adduct ion with its complementary moiety be-
comes so strongly favorable to the former that ions
deriving from consecutive fragmentation of the latter
ion that leads to structural characterization are lost. This
has been observed in the product-ion spectrum of the
[M  Na] ion as seen earlier.
The [M  2H  3Alk] Ions
In the presence of alkali metal ions, PS also forms [M 
2H  3Alk] ion by ESI because it contains two acidic
/z 83
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an alkali adduct ion of a dialkali salt. Both the MS2-
spectra of the [M  2H  3Na] ion of 16:0/18:1-PS at
m/z 828 obtained with a TSQ (Figure 6a) and an ITMS
(Figure 6b) instrument are dominated by m/z 741 (828 
87), which is probably equivalent to a sodiated ion of a
disodium 16:0/18:1-PA. The ion at m/z 572 (828 
R1CO2H) arising from loss of 16:0-fatty acid substituent
at sn-1 is more abundant than m/z 546 (828  R2CO2H)
arising from loss of the 18:1-fatty acid at sn-2. This
preferential loss of R1CO2H over loss of R2CO2H is
similar to that observed for phosphatidylcholine (PC),
attributable to the fact that the loss of R1CO2H probably
requires the -hydrogen of the fatty acyl group at sn-2,
which is more labile than those at sn-1 that participate
in the elimination of R2CO2H [27].
Further loss of the 18:1- and of the 16:0-fatty acyl
substituents as sodium salts from m/z 741 gives rise to
ions at m/z 437 (741  R2CO2Na) and 463 (741 
R1CO2Na), respectively. This fragmentation process is
supported by the IT MS3-spectrum of m/z 741 (828 ¡
741) (Figure 6c), which contains major fragment ions
similar to those observed in Figure 6a. The m/z 437 ion
Figure 5. The product-ion spectra of the [MH
(a) a TSQ instrument and (b) an ITMS instrumen
687) arising from m/z 774. (d)–(f) The tandem q
2Li] ion of 18:0/22:6-PS at m/z 848, (e) the [M
of the [M  H  2Na] ion of 18:0/18:1-PS at mis more abundant than the m/z 463 ion in both Figure 6aand c. This is consistent with the notion that loss of the
fatty acyl substituents at sn-2 is more favorable than the
similar loss at sn-1. However, ion at m/z 485 (741 
R1CO2H) arising from loss of the 16:0-fatty acyl sub-
stituent at sn-1 as an acid is more abundant than the m/z
459 ion (741  R2CO2H), arising from loss of the
18:1-acid at sn-2. This is also in accord with the concep-
tion that loss of the 16:0-acid at sn-1 involves the more
labile -hydrogens of the fatty acyl moiety at sn-2, while
loss of the 18:1-acid involves the less labile -hydrogens
of the fatty acyl moiety at sn-1 as described earlier. The
observation of a greater abundance of the m/z 477 ion
(741  R=2CHCO), arising from loss of the 18:1-fatty
acyl ketene at sn-2, than the m/z 503 ion (741 
R=1CHCO), arising from loss of 16:0-fatty acyl ketene
at sn-1 is also consistent with the assumption that the
-hydrogens of the fatty acyl moiety at sn-2 are more
labile than those at sn-1 [27].
Ions reflecting the polar head group were observed
at m/z 252, corresponding to a sodiated disodium salt of
phosphoserine and at m/z 165, representing a sodiated
disodium phosphate ([Na2HPO4  Na]
). The observa-
tion of the differential losses of the fatty acyl substitu-
Li] ion of 16:0/18:1-PS atm/z 774 obtained with
The IT MS3-spectrum of the m/z 687 ion (774¡
upole product-ion spectra of (d) the [M  H 
 2Na] ion of 16:0/18:1-PS at m/z 806, and (f)
4. 2
t. (c)
uadr
 Hents pertaining to their position on the glycerol back-
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the polar head group permits the structure of PS to be
unambiguously unveiled.
The product-ion spectra of the [M 2H 3Li] ion of
16:0/18:1-PS at m/z 780 obtained with a TSQ (Figure 6d)
and an ITMS (Figure 6e) instrument contain ions analo-
gous to those observed for the [M  2H  3Na] ion
(Figure 6a and b). However, the ion at m/z 431 (693 
C15H31CO2Li) arising from loss of the 16:0-fatty acyl
substituent at sn-1 as a lithium salt from m/z 693 becomes
more abundant thanm/z 405 (693 C17H33CO2Li), arising
from the analogous loss at sn-2. This reversal in the
abundances of these two ions (compared with the m/z 463
and 437 ions in Figure 6a) is attributable to the fact that
both the m/z 431 and 405 ions arise mainly from m/z 524
and 498, respectively, via further loss of the C3H5NO2
moiety as a lithium salt (93 Da). These fragmentation
pathways are supported by the MS3-spectra of m/z 524
(780 ¡ 524) (Figure 6f) and m/z 498 (780 ¡ 498) (not
shown). Because the m/z 524 ion is preferentially formed
over them/z 498 ion in the primary fragmentation process,
Figure 6. The product-ion spectra of the [M 
with (a) a TSQ instrument, (b) an ITMS instrume
¡ 741). (d)–(e) The product-ion spectra of the [M
with (d) a TSQ instrument, (e) an ITMS instrume
¡ 524).ion atm/z 431 (524 93) becomesmore abundant than them/z 405 (498  93) ion, resulting from consecutive disso-
ciations. The m/z 431 and 405 ions can also arise from
further decomposition ofm/z 687, which is equivalent to a
lithiated adduct ion of a monolithium salt of 16:0/18:1-PA
and undergoes preferential loss of the 16:0-fatty acid to
give m/z 431 over loss of the 18:1-fatty acid moiety to give
m/z 405. This fragmentation process has been described for
the [M  H  2Li]  ion of 16:0/18:1-PS at m/z 774 (Figure
5a and c). The consecutive fragmentation of the m/z 693
ion (780¡ 693) (not shown) also yields ions atm/z 431 and
405 but requires higher collision energy than do the m/z
524 and 498 ions that yield the similar ions, and thus the
pathway is less favorable. As a result, the m/z 431 ion is
more prominent thanm/z 405 in the product-ion spectrum
observed for the [M  2H  3Li] ion of 16:0/18:1-PS.
Conclusions
The tandem mass spectrometry of the various molec-
ular ions of phosphatidylserine generated by ESI as
described above represents the broad applicability of
3Na] ion of 16:0/18:1-PS at m/z 828 obtained
d (c) its IT MS3-spectrum of the m/z 741 ion (828
 3Li] ion of 16:0/18:1-PS atm/z 780 obtained
d (f) its IT MS3-spectrum of the m/z 524 ion (7802H 
nt, an
 2H
nt, anvarious molecular ions of phospholipids that can be
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mass spectrum of the [M  H] ion of PS contains
complete structural information and offers the ut-
most sensitivity for structural determination. In con-
trast, product-ion spectra from the [M  H] species
are rather simple and are less useful for structural
characterization. The product-ion spectra arising
from [M  2H  Alk], [M  Alk], [M  H 
2Alk], and [M  2H  3Alk] (where Alk  Li, Na),
on the other hand, contain multiple sets of fragment
ions informative for identification of the polar head
group, the fatty acyl substituents, and their positions
on the glycerol backbone. The rearrangement process
leading to internal loss of the phosphate moiety
observed in the IT MS2-spectra of the [M  Alk] ions
of PS is unique. Another interesting note from this
study is that the IT MS2-spectrum of the [M  2H 
3Li] ion at m/z 780 (Figure 6c) along with its IT
MS3 -spectra of the m/z 524 (780 ¡ 524, Figure 6f) and
m/z 693 ions (780¡ 693, not shown), as well as the IT
MS3 -spectrum of the m/z 687 ion (774 ¡ 687, Figure
5c) from the [M  H  2Li] ion at m/z 774 also
contain several ions that are broad and asymmetric
(marked with an asterisk). In contrast, the analogous
ions are not present in the spectra arising from the
corresponding [M  2H  3 Na] (Figure 6b and c)
and [M  H  2Na] (806¡ 719, not shown) species.
Asymmetric peaks resulting from peak fronting ob-
served by ITMS have been previously reported and
were thought to arise from “fragile” precursors dur-
ing application of resonance ejection in mass analysis
[30, 31]. The mechanisms leading to the rearrange-
ment process as well as to the formation of the
asymmetric ions as observed in this study are cur-
rently under investigation.
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